they can be delivered to various tissues in humans [6] . miRNAs are small non-coding RNAs measuring 18-24 nucleotides long, which play a role as gene silencers in the posttranscriptional level by binding to complimentary sites at the 3'-untranslated region of target mRNA [7, 8] . They have been identified as key regulators of diverse biological and developmental processes in eukaryotes, including cell proliferation and differentiation, apoptosis, immune system development, and immune responses [9] . Over 60% of human protein-coding genes are regulated by miRNAs; therefore, their dysregulated expression due to aberrant biogenesis is associated with various pathologies, including different types of cancer, inflammation, diabetes mellitus, and neurodegenerative disorders such as Alzheimer's disease [10, 11] .
Many studies have suggested that milk-derived miRNAs are supplementary resources that provide health benefits, including immunity, or that they may lead to miRNAdepleting conditions that induce pathological processes [6, 12] . Importantly, it has recently been shown that foodderived miRNAs are very stable in the gastrointestinal tract and that they can be transferred to the blood circulation in adults, thereby influencing gene expression in different tissues [13] . Major milk products consumed are fluid milk, cheese, butter, and yoghurt, but the miRNA contents of each type of dairy food are largely unknown at present. Previously, our group indicated that immune-related miRNAs in market milks, including the high-temperature/ short time, low-temperature/long-time (LTLT), and ultrahigh-temperature treated types of milk, as well as in colostrum and raw milk, can be evaluated using a simple and rapid method based on RNA isolation and RT-qPCR [14] . However, few studies have evaluated miRNAs in dairy products during cheese-making and ripening. In addition, it is well established that it is important to assess cheese microbiotas to evaluate the interactions between the microbial community and the chemical properties of cheeses. In recent years, metagenomic analysis has proved to be highly beneficial for studying the microbial community and changes in its composition during cheese manufacturing and ripening [15] . However, little is known about the correlation of quantitative miRNA contents and microbial dynamics during cheese processing.
In the present study, we prepared Camembert cheese, which is a soft cheese with a short ripening period, and we evaluated the comparative amounts of bovine milk miRNAs using RT-qPCR to determine the presence of immune-related miRNAs in the raw milk as well as during the cheesemaking and ripening stages until final aged Camembert cheese was obtained. Our results indicated that most target miRNAs dramatically increased in amount during cheesemaking; thus, cheese might be one of the major sources of supplementary miRNAs.
Materials and Methods

Collection of Milk and Preparation of Camembert Cheese
Camembert cheese was prepared according to the general manufacturing procedure. In brief, raw milk was collected from mid-lactating healthy Holstein cows, pasteurized at 63°C for 30 min (LTLT), and then fermented with a mixure of thermophilic and mesophilic starter cultures (Streptococcus thermophilus, Lactococcus lactis subsp. cremoris, Leuconostoc mesenteroides subsp. cremoris, Lactococcus lactis subsp. lactis biovar diacetylactis from ST-B01 and CHN-11, Chr Hansen, The Netherlands) and Penicillium candidum (PCA1, Chr Hansen). After fermentation, the milk was solidified using calf rennet, the whey fraction was drained, and the curd was brined and stored at 15°C for 1 day to dry and then at 8-10°C for 22 days. Samples were collected from raw milk, LTLT milk, fresh curd, 12-day aged cheese, and 22-day aged cheese.
Pyrosequencing for Cheese Microbiota
Genomic DNA was extracted from a sample volume of 200 µl or 200 mg to analyze the cheese microbiota using a ZR Fungal/ Bacterial DNA MiniPrep kit (Zymo Research, USA) according to the manufacturer's protocol. The genomic DNA was then subjected to pyrosequencing for amplicons in the V1-V3 region of the bacterial 16S rRNA gene with the GS-FLX sequencing system (Roche, Switzerland). Raw sequence data were analyzed using Mothur ver. 1.38 [16] . During Mothur processing of the raw sequence data, sequencing errors and chimeras were removed by referring to the standard operating procedures for 454 sequences [17, 18] . The sequences were classified into operational taxonomic units based on 97% similarity, and the sequence number was normalized by subsampling randomly for the downstream analyses of alpha-diversity (phylogenetic information, Chao 1, Shannon, and Simpson) and beta-diversity (principal coordinates analysis).
Total RNA Extraction
To extract total RNA, 0.2 ml of fluid samples or 200 mg of curd and cheese samples was mixed with 0.8 ml (4× of the sample) of Qiazol and thoroughly homogenized by pipetting 20 times or bead beating for 90 sec, and then incubated for 5 min at room temperature. To normalize miRNA expression data, synthetic Caenorhabditis elegans cel-miR-39 (miScript miRNA Mimic; Qiagen, Germany; 3.5 µl at 1.6 × 10 8 copies/µl) was added as a spike to the control and thoroughly mixed. Next, 0.2 ml of chloroform (1× of the sample) was added to the homogenate, before vigorously mixing by manual shaking, incubating for 3 min at room temperature, and centrifuging (12,000 ×g, 4°C, 15 min). The resulting aqueous phase from the Qiazol homogenates was mixed with 1.5 volumes of 100% ethanol and passed through spin columns from the miRNeasy mini kit (Qiagen). The total RNA extract was reconstituted with 40 µl of nuclease-free water. The quality, quantity, and integrity of the RNA extracts were assessed with an Agilent 2100 Bioanalyzer using an RNA 6000 Pico and small RNA kit (both from Agilent Technologies, USA) according to the manufacturer's protocols.
Quantitative Reverse Transcription PCR to Detect miRNAs RT-qPCR was performed using a miScript System (Qiagen)
according to the manufacturer's instructions with some modifications. Briefly, to generate complementary DNA, 50 ng of total RNA was reverse transcribed using a miScript II RT kit (Qiagen). cDNA was diluted in four volumes of nuclease-free water and then subjected to qPCR using a StepOnePlus Real-Time PCR System (Applied Biosystems, USA) with a miScript SYBR Green PCR kit. To calculate the absolute expression levels of target miRNAs, a series of synthetic miRNA oligonucleotides with known concentrations was also reverse transcribed and amplified to generate a standard curve. The Ct value obtained for cel-miR-39 was used to normalize the amounts of immune-related miRNA in each sample to compare the expression levels among milk samples. Primer information for the six miRNAs is shown in Table 1 .
Statistical Analysis
The RT-qPCR assay and pyrosequencing were performed in triplicates, and the entire experiment was repeated multiple times. Data were expressed as the mean ± standard error of the mean based on three or more independent experiments, and differences were considered statistically significant at p < 0.05 according to Student's t-test.
Results and Discussion
Comparison of Microbiota Diversity in Camembert Cheese during Ripening
In total, seven samples comprising raw milk, whey, curd, and the inner and surface fractions from Camembert cheese ripened for 12 or 22 days were analyzed to determine the microbiota biodiversity. Initially, in the rarefaction analysis, individual rarefaction curves reached a plateau, but they differed slightly in each saturation phase (data not shown). In addition, diversity analysis, including richness and evenness indices, showed that the microbiota was simple and straightforward, except for the bacterial community in raw milk (Table 2) . Thus, our results indicated that the bacterial diversity and evenness indices for raw milk were dramatically decreased by pasteurization and the starter cultures, and that these patterns persisted during ripening.
We evaluated the proportions of dominant bacteria in the samples at the phylum and genus levels. As shown in Fig. 1 , numerous bacterial groups were detected in the raw milk samples at the phylum and genus levels. In particular, Proteobacteria (63.5%) and Firmicutes (26.6%) were abundant in raw milk, whereas Bacteroidetes, Actinobacteria, Tenericutes, and Fibrobacteria (<5.0%) were less common. However, the bacterial population dynamics changed dramatically after curd formation and only Firmicutes remained, including lactic acid bacteria. At the genus level, Lactococcus and Streptococcus, which were in the starter culture, comprised over 99% of the bacterial reads in the samples obtained during cheese processing. In particular, Leuconostoc spp. were observed after curd formation. In the present study, a high population of Leuconostoc spp. was observed at the surface of Camembert cheese at 12 days, and their growth may be associated with the acid-producing starter strains, including Lactococcus and Streptococcus at the ripening stages. It is well known that cheese ripening is a complex biochemical process driven by microbial communities [19] . Interestingly, the Streptococcus population increased in both the inner regions and surfaces of Camembert cheese during the ripening period, whereas the Lactococcus Fig. 1 . Taxonomic classification of dominant bacteria during the manufacturing and ripening of Camembert cheese at the phylum (A) and genus (B) levels.
The cheese microbiota was determined using the GS-FLX Sequencing system (Roche, Switzerland) and analyzed using Mothur. The sequences were classified as operational taxonomic units by 97% similarity, and the sequence number was normalized by subsampling randomly for the downstream analyses of alpha and beta diversity. population decreased only in the inner regions of the cheese samples (Fig. 1) . Our results are consistent with a previous report that suggested that the presence of streptococci during Cheddar cheese fermentation affects the survival of lactococci [20] . Hence, we suggest that microbial dynamics fluctuate during cheese-making and ripening, and that the composition of the bacterial community may affect the quality and functional characteristics of cheeses.
Total RNA and microRNA Yield and Size Distribution
During the preparation of Camembert cheese, we collected eight different milk and cheese samples: raw (A) Simple flow diagram representing the process employed to determine microbial diversity and to evaluate miRNAs. (B) Total RNA extracts isolated from eight different samples (i.e., raw milk, LTLT milk, fresh curd, whey, 12d-I, 12d-S, 22d-I, and 22d-S) were quantified using a NanoQ spectrophotometer. (C) Electropherograms obtained using an RNA Pico 6000 kit and an Agilent 2100 Bioanalyzer. The electropherograms show the size distribution in terms of the nucleotide (nt) length and fluorescence units (FU) for total RNA in all samples. Cellular RNA and whey after heating were used to compare RNA distributions in samples collected during manufacturing of the soft cheese. milk, LTLT milk, whey, fresh curd, and the inner (center) and surface fractions, when P. candidum appeared on the 12-and 22-day aged cheese. We extracted total RNA from the same weights of all fractions (200 μl for milk or 200 mg for cheese), which contained abundant miRNAs according to our previously described methods [14] . The quantity and distribution of the extracted total RNA and contents of miRNAs were assessed by the NanoQ spectrophotometer and Bioanalyzer 2100, respectively ( Fig. 2 and Table 3 ). The yield of total RNA obtained from raw milk was significantly decreased after LTLT, where 0.47 times the amount was detected, with 0.37 times the amount in whey. However, the total RNA and miRNA contents of fresh curd were dramatically increased by 4.68 times and 17%, respectively, compared with raw milk at the same sample weight (200 mg). Irrespective of the mammal species, all milk types comprise three main fractions: cells, skim milk, and lipids. Curd comprises mainly casein micelles (approximately 24%), which aggregate in milk during cheese-making and in fat globules (approximately 34%) entrapped in the coagulum [21] . Among the milk fractions, lipid fractions contained the most amount of RNA (data not shown), which is consistent with the findings of a recent study [22] . In the present study, curd with a high RNA content was brined, and then ripened for 12 days and 22 days at 15 o C, for 1 day to dry the curds, and at 8-10 o C for 22 days. Larger amounts of total RNA were obtained from cheese ripened for 12 and 22 days than from fresh curd. The RNA contents of ripened cheese continued to increase throughout the ripening period, where the rate of increase was faster in the inner fraction than in the outer fraction. It is possible that probiotics such as L. lactis subsp. cremoris, which we used as a cheese starter culture, grew better in the interior than in the exterior, and that they may have released bacterial-derived RNA, which was also detected with milkderived RNA [23] .
Bioanalyzer electropherograms were used to determine the RNA distribution patterns for small RNAs, where the apparent cellular ratio of 28S rRNA to 18S rRNA was approximately 2:1 (Fig. 2C) . The electropherograms obtained for 12d-I and 22d-I showed that the apparent 16S and 23S ribosomal RNA peaks (solid-line arrows) appeared earlier than the 18S and 28S rRNA peaks (dotted-line arrows in the electropherogram for 293T, human cell line) in a timedependent manner, but they were not significantly detected in samples from the exterior of the cheese. Fungal ribosomal RNA was not detected in 12d-S and 22d-S, which were ripened with P. candidum, possibly because the RNA purification kit employed in the present study was not specific for fungal RNA purification.
Immune-Related miRNAs in Samples Collected during the Cheese-Making Process
To evaluate changes in miRNAs during the cheesemaking and ripening processes, we quantified the amounts of immune-related miRNAs in raw milk, LTLT milk, whey, fresh curd, and the inner (center) and surface fractions of the 12-and 22-day aged cheese. We compared the amounts of bovine miR-93, miR-106a, miR-130a, miR-155, miR-181a, and miR-223, which are known to be involved in the regulation of the immune response [24] [25] [26] [27] [28] [29] , using RT-qPCR (Fig. 3) . Only a limited amount of information has been experimentally determined regarding the roles of miRNAs in milk, but the lactation-and immune-related roles of miRNAs are relatively well characterized [5, [30] [31] [32] .
To compare the amount of lactation-and immune-related miRNAs in each sample during the cheese-making process, cel-miR-39-1 was exogenously added as a spike in the control during the homogenization step to facilitate normalization and evaluate each relative level. We hypothetically set the Total RNA isolated and yield of miRNAs were evaluated using the NanoQ spectrophotometer and RNA pico Kit with the Agilent 2100 Bioanalyzer. Mean values are shown with standard deviations.
value as 1 for raw milk because it was the original source of miRNAs, and we represented the relative amounts in each sample based on a logarithmic scale, except for the data showing miR-223. Each sample collected during the cheese-making process had miRNAs with different expression levels, where the expression patterns of each miRNA were distinct. There were high correlations between the expression levels of miRNAs and the amounts of total RNA for miR-106a, miR-155, and miR-181a (Figs. 3B, 3D , and 3E). In a previous study, we demonstrated that To evaluate milk-derived miRNAs related to immune responses, total RNA extracts were analyzed by RT-qPCR with a StepOnePlus Real-Time PCR System using miScript RT and miScript SYBR Green PCR kits. To normalize the amount of each miRNA, cel-miR-39-1 was added to each sample and the ∆C(t) value was obtained. To compare the relative amounts of each miRNA, the 2
value was set as 1 for raw milk and the yaxis employed a logarithmic scale, where larger quantities yielded higher values, except for miR-223. Each target miRNA in the samples is shown in different graphs: miR-93 (A), miR-106 (B), miR-130 (C), miR-155 (D), miR-181 (E), and miR-223 (F). *, ** indicate significant differences at p < 0.05 and p < 0.001, respectively, compared with raw milk. miRNAs could be destroyed by heat treatment during pasteurization and sterilization [14] . In the present study, we detected high amounts of all miRNAs in the fractions of whey, which is a by-product of cheese production that is used as a dietary supplement for health or therapeutic purposes. Much is known about whey proteins such as β-lactoglobulin, α-lactalbumin, and immunoglobulins and various types of amino acids [33, 34] , but little is known about whey miRNAs.
A significantly higher amount of miRNA (>4.6 times) was found only for miR-181a in fresh curd compared with raw milk, whereas the amounts of two miRNAs (miR-130a and miR-223) had significantly decreased and that of three miRNAs (miR-93, miR-106a, and miR-155) did not change significantly. Different and distinct miRNA profiles were obtained for each milk fraction, and the specific secreted forms of miRNAs might explain the different amounts of miRNAs in fresh curd [35] . It should be noted that considerable amounts of functional miRNAs involved in lactation and the immune response in the cheese samples evaluated in the present study are homologous to human miRNAs; thus, they could act as gene silencers when cheese is consumed. Recent studies on dietary and foodborne miRNAs have increased concerns about the roles of novel components in nutrition and disease prevention, and a dietary miRNA database has been established [36] [37] [38] . RNAs extracted from raw milk, LTLT milk, fresh curd, and whey were predominantly small RNA fractions (<150 nt). A recent study demonstrated that milk is one of the richest sources of miRNAs, and that miRNAs are highly conserved in different fractions such as milk cells, milk lipids, and skim milk [39] . Each fraction contains different concentrations of RNA and miRNAs, with the highest quantities in cell and lipid fractions and the lowest in the skim milk fraction [22] . Our study showed that fresh curd produced during cheesemaking contained 4.5 times more total RNA than raw whole milk and that the cheese was rich in RNA throughout ripening. Further investigations are required to evaluate the miRNAs in different types of cheese and to determine whether the high temperatures (53°C) employed to make semi-hard or hard cheeses, such as Berg cheese, would cause the severe degradation (Fig. 3C) . Cheese is a product formed by the coagulation of proteins and lipids due to its unique chemistry; therefore, the yield of RNAs and miRNAs might be affected by the cheese-making process, including the microorganisms, temperature, and ripening duration. Furthermore, the milk fat content is important for stabilizing miRNAs during storage; therefore, the effects of other harsh conditions such as microwave treatments [40] and their correlations with the fat contents of cheese and functional miRNAs are worth investigating.
Among the eight different samples, the amounts of all miRNAs tested in ripened cheese increased dramatically (Fig. 3, bars with two asterisks) . However, further statistical analysis detected no significant correlations between immune-related miRNAs and microbial populations during cheese processing (data not shown). The ripening fungi P. candidum and Debaryomyces hansenii are the main contributors to the physical and sensory properties of Camembert cheese, and molecular biology techniques have been recently used to evaluate the properties and growth of specific microorganisms [41, 42] . The extremely high amounts of miRNA detected did not originate from fresh curd; instead, they seemed to have been derived from fungi or starter bacteria. A recent study demonstrated that small RNA sequences and contigs in the human microbiome are derived from plants, presumably with dietary origins [43] . The extracellular vesicles of prokaryotes (known as outer membrane vesicles) as well as eukaryotes, including yeasts and molds, contain distinct biomolecules such as RNA, particularly small RNA-like sequences [44, 45] . However, little is known about homologous miRNAs from lactic acid bacteria or ripening fungi such as P. candidum. Nextgeneration sequencing technology can be a powerful highthroughput tool for characterizing and identifying miRNAs from microorganisms and for validating the sources of functional miRNAs in cheeses.
